Abstract The biological effects of interleukin (IL)-1 are realized through binding to specific membranebound receptors. The efficiency of IL-1 action depends on the number of receptors on the cell. We determined the percentage of cells that express IL-1 receptor type I (IL-1RI) and IL-1 receptor type II (IL-1RII) by flow cytometry using phycoerythrin (PE)-labelled antibodies to the IL-1Rs, and the mean absolute number of membrane-bound IL-1Rs per cell using QuantiBRITE PE calibration beads. We showed that different subpopulations of immunocompetent cells expressed different numbers of molecules of membrane-bound IL-1RI and IL-1RII. We also established that when cells were stimulated with bacterial lipopolysaccharide, there was a significant increase in the number of IL-1RI expressed, and a significant decrease in the mean number of IL-1RII molecules per cell. Determination of the mean number of membrane-bound IL-1R molecules using this protocol enables us to obtain precise and reproducible data that are necessary for full evaluation of expression levels.
Introduction
Interleukin-1 (IL-1) is an inflammatory cytokine with a wide range of biological and physiological effects. For example, it plays a central role in acute and chronic inflammation (Dinarello 1991 (Dinarello , 2010 . The biological effects of IL-1 are realized upon binding of the cytokine to the specific membrane-bound IL-1 type I receptor (IL-1RI) Sims et al. 1993; Stylianou et al. 1992) . IL-1RI is a glycoprotein with a molecular mass of 80 kDa and is expressed predominantly on endothelial cells, smooth muscle cells, epithelial cells, hepatocytes, fibroblasts, keratinocytes, epidermal dendritic cells, and T lymphocytes (Dinarello 2001; Dower et al. 1985) . A second type of IL-1 receptor, the IL-1 type II receptor (IL-1RII), is not capable of signal transfer, that is, it acts as a ''decoy'' receptor Mantovani et al. 2001) . IL-1RII is a glycoprotein with a molecular mass of 60 kDa and is expressed on monocytes, neutrophils, and B lymphocytes (Mantovani et al. 2001; Matsushima et al. 1986 ).
It has been demonstrated that the biological activity of ligands is related to the density of receptors on the cell surface (Gudipaty et al. 2001; Moraga et al. 2009; Reynes et al. 2000) . Investigation of the expression of membrane-bound IL-1R has been evaluated mainly by determining the percentage of cells that express this receptor or the fluorescence intensity indices (MFI, mean fluorescence intensity) of labelled antibodies against the receptor (Donati et al. 1997 ). However, research by MFI values does not allow obtaining uniform data from different laboratories and level of expression will change depending on flow cytometer. Also, it seems to be important to investigate the density of membrane-bound IL-1Rs on cells, because the efficacy of IL-1 might depend on this. Such data can only be obtained by determining the number of membrane-bound receptors on particular cells.
Most of the current methods for the quantitative evaluation of cell surface receptors by flow cytometry use commercial calibration beads. One of these kits is QuantiBRITE PE (BD Biosciences, San Jose, CA, USA), which enables determination of the absolute number of cell surface receptors using a known fluorochrome molecule/antibody ratio of 1:1.
In the study reported here in, we developed an optimized protocol for determining the expression level of IL-1RI and II using the QuantiBRITE PE kit, as well as estimating quantitatively the number of membrane-bound receptors on various subpopulations of immunocompetent cells from healthy donors.
Materials and methods

Blood samples
Whole blood samples were obtained from Blood Banking Station No. 1 of the ''Novosibirsk Blood Center''. The samples were obtained from 150 healthy donors (83 male, 67 female; mean age: 34 ± 1 years) in Novosibirsk city (Southwestern Siberia, Russia). Peripheral blood samples (9 mL) were taken from the ulnar vein, under strict sterile conditions, in a VAC-UETTE blood collection system that contained the anticoagulant lithium heparin (Greiner Bio-One, Kremsmünster, Austria). Voluntary informed consent was obtained from all donors and the study was approved by the local ethics committee. ) and then washed twice in RPMI-1640 culture medium (Biolot, St Petersburg, Russia) (Böyum 1968) . Peripheral blood mononuclear cells (PBMCs; 2 9 10 6 /mL) were cultivated in 96-well round-bottom plates (TPP Techno Plastic Products AG, Trasadingen, Switzerland) in the presence or absence of Escherichia coli 055:B5 lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of 200 ng/mL for 24 h. Cells were cultured in RPMI-1640 medium that contained 10 % fetal calf serum, 2 mM L-glutamine, 10 mM HEPES buffer, 0.5 mM 2-mercaptoethanol, 80 lg/mL gentamycin, and 100 lg/mL benzylpenicillin for 24 h in 5 % CO 2 at 37°C.
Reagents
The following phycoerythrin (PE)-labelled antibodies were used in the study: PE-conjugated goat polyclonal anti-human IL-1RI (cat. no. FAB269P; R&D Systems, Minneapolis, MN, USA) and PE-conjugated mouse monoclonal anti-human IL-1RII (cat. no. FAB663; R&D Systems). We have analyzed these antibodies by spectrophotometer method (Stadnichuk 1990 ) and established that only one molecule of PE was bound with one molecule of immunoglobulin, i.e. PE:Ab ratio was equal to 1:1. The following antibodies were used to immunophenotype PBMC subpopulations: FITC-conjugated mouse monoclonal anti-human CD14 (cat. no. 11-0149; eBioscience, San Diego, CA, USA), APC-conjugated mouse monoclonal anti-human CD3 (cat. no. 17-0037; eBioscience), and PE-Cy7-conjugated mouse monoclonal anti-human CD19 (cat. no. 25-0199; eBioscience). To minimize non-specific staining, we used human IgG (SIC Microgen, Moscow, Russia) at a final concentration of 3 mg/mL. To dilute the human IgG and also the QuantiBRITE beads (BD Biosciences, San Jose, CA, USA), 1x PBS (137 mM NaCl, 2.68 mM KCl, 10 mM Na 2 HPO 4 12H 2 O, 1.47 mM KH 2 PO 4 , 0.53 mM EDTA and 0.1 % NaN 3 ) with 1 % bovine serum albumin (BSA; Sigma-Aldrich) was used.
Calibration beads
To estimate the absolute number of membrane-bound molecules of IL-1R, we used QuantiBRITE PE beads.
Tubes of QuantiBRITE PE beads contain a lyophilized pellet of beads that have been conjugated with four concentrations of PE. Each type of beads has a known number of PE molecules per bead. Using this kit, we plotted a calibration curve and established a formula that enabled MFI values to be converted into the number of receptor molecules on a cell. The beads in a single tube were reconstituted in 500 lL of PBS, mixed, and analyzed by flow cytometry. Bead singlets were gated on an FSC-A/SSC-A dot plot and 10,000 gating events were recorded. Interval gates were adjusted on PE-associated fluorescence histogram around each of four bead peaks (Low, Med Low, Med High, High). The analysis of QuantiBRITE PE calibration beads is shown in Fig. 1 . Log 10 values for PE fluorescence geometric means and for values of PE molecules per bead (information provided with QuantiBRITE PE beads) were calculated. Using the values obtained, we plotted the log 10 values for the number of PE molecules per bead against the log 10 values for fluorescence intensity (Fig. 2) . The formula obtained could be used subsequently to calculate the absolute number of receptors on subpopulations of cells. To obtain the fluorescence intensity values for the different subpopulations of cells, flow cytometry was performed using the same voltage parameters for the photomultiplier as those used for the analysis of the QuantiBRITE PE calibration beads. Given that the PE/ antibody ratio was 1:1, PE/antibody values could be converted to antibody/cell values, which represented the number of receptors per cell.
Immunostaining
To enable the reproducible determination of the level of expression of membrane-bound IL-1 receptors, we optimized the protocol for sample preparation. The optimized protocol was as follows. A freshly separated suspension of PBMCs was centrifuged for 10 min at 1,300 rpm and room temperature. Cells were washed twice in 1 mL of PBS with 1 % BSA. Subsequently, 25 lL of cells (1 9 10 5 ) and 1 lL (3 lg) of human IgG were combined in marked 12 9 75-mm flow tubes, and incubated in the dark at room temperature for 20 min. The IgG was added to block Fc receptors and prevent nonspecific binding of Fc fragments. A saturating concentration of anti-IL-1RI and anti-IL-1RII antibodies was added, which was equal to 10 lL of each; this had been established previously by means of titration. Finally, we added 1 lL of anti-CD3 APC, anti-CD14 FITC, and anti-CD19 PE-Cy7 antibodies for immunophenotyping of the PBMC subpopulations. The cells and antibodies were incubated for 40 min at 4°C in the dark. The cells were then washed twice to remove unbound antibodies in 1 mL of PBS with 1 % BSA. Subsequently, 100 lL of PBS were added to the tubes and the contents were analyzed immediately by flow cytometry without fixation.
Flow cytometry
Flow cytometric analysis was performed using a BD FACSAria flow cytometer (equipped with three lasers-488, 633, and 405 nm) with FACSDiva software version 6.1.2 (BD Biosciences). To check the installation settings, we regularly made performance checks by means of Cytometer Setup and Tracking (CS&T) beads (BD Biosciences). We chose an appropriate cytometer configuration, and set the voltage parameters for the photomultiplier to be the same as those used for the analysis of the QuantiBRITE PE calibration beads. We gated the populations to be analyzed on the basis of indices of forward and side scattering (FSC-A/SSC-A dot plot) that were located within the lymphocytic and monocytic regions. Subsequently, we gated subpopulations of CD3
? T lymphocytes, CD19
? B lymphocytes and CD14
? monocytes (dot plots APC-A/FITC-A and APC-A/ PE-Cy7-A) on the basis of markers of the different subpopulations. A minimum of 10,000 events were gated. Then, we established an interval gate on the control histogram, which was obtained with samples incubated in the absence of anti-human IL-1RI and IL-1RII antibodies, and subsequently, determined percent of positive events and mean fluorescence of cells carrying membrane-bound receptors for each of these subpopulations on PE/count histograms. An outline of the standard gating protocol is given in Fig. 3 .
Statistical analysis
Statistical analysis was carried out using STATISTI-CA 7.0 (StatSoft, Tulsa, OK, USA). Data obtained were checked for normality of distribution (Kolmogorov-Smirnov and Shapiro-Wilk tests), and all distributions were normal. To compare results, we used a parametric Student's t test. All differences were considered significant at P \ 0.05.
Results
Expression of membrane-bound IL-1Rs on subpopulations of intact PBMCs
We determined the percentage of cells that expressed surface IL-1Rs in different subpopulations of intact PMBCs using PE-labelled antibodies. In CD14
? monocytes, 57.56 ± 1.89 % of cells expressed IL-1RI and 10.96 ± 1.64 % expressed IL-1RII. In the CD3 ? T lymphocyte subpopulation, 13.74 ± 0.97 % of cells expressed IL-1RI and 7.97 ± 1.20 % expressed IL-1RII. In the CD3 -/CD19 ? B lymphocyte subpopulation, 5.72 ± 0.54 % of cells expressed IL-1RI and 6.33 ± 0.81 % expressed IL-1RII. Results are shown in Fig. 4 . Fig. 1 The mean number of membrane-bound IL-1Rs per cell was determined with the aid of BD Quantibrite PE calibration beads. When PBMC subpopulations were compared, the lowest levels of IL-1RI and IL-1RII were found in monocytes and T lymphocytes, respectively, and these differences were significant (P \ 0.05). Each subpopulation had a different mean number of IL-1RI and IL-1RII molecules on the cells. Results are shown in Fig. 5 . ? cells and absolute number of IL1Rs per cell (P \ 0.05).
Discussion
Standard methods for determining the expression of surface markers on the basis of the percentage of positive cells or fluorescence intensity characteristics seem to be insufficiently informative. In the light of studies that have suggested that the functional response of a cell to a ligand depends on the density of receptors on the cell surface (Gudipaty et al. 2001; Moraga et al. 2009; Reynes et al. 2000) , investigating the mean number of receptors on a cell seems to be necessary to obtain more complete information about the expression of membrane-bound receptors and, consequently, ligand activity.
There are several methods for quantitating the number of membrane-bound molecules on the cell surface. In flow cytometry, fluorochrome calibration particles are used most frequently (D'hautcourt 2002; Rossmann et al. 2007 ). There are also methods based on the kinetics of binding of antibodies with the receptor (Orlova et al. 2011 ) and on usage of 125 Iradiolabelled ligand (Takeuchi et al. 1999) . In the present study, we used commercial calibration beads, QuantiBRITE PE, in conjunction with flow cytometry Pannu et al. 2001; Wang et al. 2011) . The main advantages of this method are that it is informative, simple in execution and calculation, absence of radioactive labels and easily reproducible. The main drawback is that the level of antigen expression can only be determined using PE-labelled antibodies, because the manufacturer does not provide calibration beads conjugated with other types of fluorochrome.
In the present study, we developed a protocol to determine the absolute number of IL-1Rs on the cell surface using flow cytometry with QuantiBRITE PE calibration beads. To maximize the stability and , and CD14 ? subpopulations of PBMCs from healthy donors (n = 150). Data are shown as the mean and standard error of mean (M ± SEM). Arrows on the figure indicate significant difference, P \ 0.05 reproducibility of the protocol, we determined optimal conditions for temperature, incubation time, and number of washings. By titration, we determined the concentration of antibodies required for saturation of receptors on the cell surface. To decrease non-specific binding of Fc fragments on the cell surface, we determined the optimal blocking conditions: incubation temperature, incubation conditions, and IgG concentration. Thus, we developed an optimized protocol for analysis of the expression level of membrane-bound IL-1Rs on different cell subpopulations, enabling stable and reproducible results to be obtained for both intact PBMCs and cell cultures.
Using this protocol, we investigated the expression levels of membrane-bound IL-1Rs on different subpopulations of PBMCs from healthy donors. By analysing the IL-1R levels using the same settings for the flow cytometer as those used for analysis of the calibration beads, it was possible to convert fluorescence intensity values into the number of PE molecules per cell on the basis of the known PE/antibody ratio (1:1).
In our analysis of the phenotypic characteristics of intact PBMCs from healthy donors, we observed quantitative differences among the subpopulations of T and B lymphocytes and monocytes with regard to the percentage of cells that carried IL-1RI and IL-1RII, and the absolute number of receptors on the cells. When subpopulations of PBMCs were compared, we observed that CD14
? monocytes had the greatest percentage of cells that carried IL-1RI, but the lowest number of IL-1RI molecules per cell. The opposite situation was found for the CD19
? population, which had the lowest percentage of cells expressing IL-1RI but the greatest density of these receptors per cell. We conclude that the percentage of cells that express IL-1Rs is not always associated with the absolute number of receptors.
In the course of the present study, we also investigated the expression level of membrane-bound IL-1RI and IL-1RII in cells stimulated with LPS from E. coli (serotype 055:B5). The expression level of IL1Rs under these conditions was estimated on the monocyte subpopulation in PBMCs. This population was chosen because we had shown that they had the highest percentage of cells expressing IL-1RI and IL-RII. We found that LPS stimulation of CD14 ? monocytes increased both the percentage of cells that expressed IL-1RI and the number of these receptors on the cells. In contrast, LPS lowered the mean number of IL-1RII molecules on the cells significantly and tended to decrease the percentage of cells that carried these receptors. Our results are in agreement with previous studies that have demonstrated that LPS increases the expression of IL-1RI and decreases the expression of IL-1RII, as determined by mRNA analysis (Penton-Rol et al. 1999; Saccani et al. 1998) . When comparing intact CD14
? cells and unstimulated CD14
? cells cultivated within 24 h, an increase in the number of IL-1RIs and IL1R-IIs is noted. Also, decrease in percent of IL-1RI
? cells and increase in percent of IL-1RII
? cells were shown. Most likely, these alterations in IL-1Rs expression were caused by an effect of microenvironment changes in culture.
Our results show that different subpopulations of immunocompetent cells express different numbers of membrane-bound IL-1RI and IL-1RII, and this might not always correlate with the percentage of cells that carry these receptors.
In conclusion, we have designed an optimal protocol for estimating the expression level of membranebound IL-1Rs, with the aid of QuantiBRITE PE calibration beads. Determination of the mean number of membrane-bound molecules of IL-1Rs using this protocol enables us to obtain precise and reproducible data that are required for the more complete and informative estimation of receptor expression levels.
